Hepatitis B virus (HBV) continues to be a major cause of morbidity and mortality worldwide. It is estimated that about 350 million people throughout the world are chronically infected with HBV. Some of these people will develop hepatic cirrhosis with decompensation and/ or hepatocellular carcinoma. For such patients, liver transplantation may be the only hope for cure or real improvement in quality and quantity of life. Formerly, due to rapidity of recurrence of HBV infection after liver transplantation, usually rapidly progressive, liver transplantation was considered to be contraindicated. This changed dramatically following the demonstration that hepatitis B immune globulin (HBIG), could prevent recurrent HBV infection. HBIG has been the standard of care for the past two decades or so. Recently, with the advent of highly active inhibitors of the ribose nucleic acid polymerase of HBV (entecavir, tenofovir), there has been growing evidence that HBIG needs to be given for shorter lengths of time; indeed, it may no longer be necessary at all. In this review, we describe genetic variants of HBV and past, present, and future prophylaxis of HBV infection during and after liver transplantation. We have reviewed the extant medical literature on the subject of infection with the HBV, placing particular emphasis upon the prevention and treatment of recurrent HBV during and after liver transplantation. For the review, we searched PubMed for all papers on the subject of "hepatitis B virus AND liver transplantation". We describe some of the more clinically relevant and important genetic variations in the HBV. We also describe current practices at our medical centers, provide a summary and analysis of comparative costs for alternative strategies for prevention of recurrent HBV, and pose important still unanswered questions that are in need of answers during the next decade or two. We conclude that it is now rational and cost-effective to decrease and, perhaps, cease altogether, the routine use of HBIG during and following liver transplantation for HBV infection. Here we propose an individualized prophylaxis regimen, based on an integrated approach and risk-assessment. 
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INTRODUCTION
Infection with hepatitis B virus (HBV) continues to be a major cause of acute and chronic disease throughout the world, but most especially in East Asia, sub-Saharan Africa and Alaska. Recent estimates are that about 350 million people world-wide are chronically infected with HBV and that more than 1 million persons die each year due to advanced liver disease and/or hepatocellular carcinoma (HCC) caused by HBV infection. Other papers in this anniversary issue provide greater details regarding the epidemiology and prevalence of HBV infection, also reviewed in [1] . Fortunately, most adolescents or adults who contract acute HBV infection, chiefly from blood or blood products or from unprotected sex with infected persons, recover spontaneously from the infection. In contrast, neonates or young infants infected at or shortly after birth, usually due to vertical transmission from their mothers, do not mount immune responses to HBV or to infected hepatocytes. About 95% of these become immune-tolerant chronic carriers of the virus. Such children typically have no symptoms or signs of active hepatitis and are asymptomatic carriers of the virus.
Because of the high prevalence of chronic HBV infection and its proclivity for causing cirrhosis and HCC, it is not surprising that chronic hepatitis B (CHB) would be a leading indication for liver transplantation (LT), as this dramatic new, life-changing therapy was being introduced in the 1970's and 1980's throughout the world. However, due to the high frequency (above 90%) with which LT for CHB was followed by recurrent and rapidly progressive CHB with early graft failure, CHB was generally assessed as a contra-indication for LT, and, in the 1980's and early 1990's, United States Medicare and Medicaid and many private insurers refused to cover costs of LT for CHB.
This changed dramatically following the initial report of Samuel et al [2] from Europe, which established that hepatitis B immune globulin (HBIG), in sufficient doses and for long duration, could prevent recurrence of CHB in virtually all recipients of LT.
Thus, for the past 20 years, HBIG has been the cornerstone of prophylactic therapy. This is now beginning to change because of the advent of highly effective nucleoside and nucleotide inhibitors of the RNA polymerase (reverse transcriptase) of HBV called nucleos/tide analogues (NAs), especially tenofovir (TFV, Viread, Gilead) and entecavir (ETV, Baraclude, BMS).
In this paper, we present a review of the recent history of therapy of HBV during and after LT, a description of some of the major mutations of HBV that arise from the pressure of anti-viral therapy, and the promise of therapeutic regimens that, in the near future, will not include HBIG at all or that will involve HBIG for only a few months, rather than for indefinite durations. A number of unanswered questions remain and we suggest that carefully designed prospective randomized controlled trials should be carried out across the globe to answer these questions.
MOLECULAR VIROLOGY OF HBV AND

ROLE OF SELECTED HBV MUTANTS IN
POST-LT RECURRENCE
HBV is a member of the Hepadnaviridae family. Its partially double-stranded, circular desoxyribose nucleic acid (DNA) genome is contained in an icosahedron capsid, itself enveloped by a lipid bilayer decorated with three different surface proteins. Viral proteins that are clinically important include the following: envelope protein, hepatitis B surface antigen (HBsAg); a structural nucleocapsid core protein, hepatitis B core antigen (HBcAg); and a soluble nucleocapsid protein, hepatitis B e antigen (HBeAg) (Figure 1 ). Eight HBV genotypes have been recognized by a sequence divergence of more than 8% in the entire genome and designated by capital letters (A-H) in the order of discovery [3] . The predominant genotypes show geographical variations [3] . During the course of CHB, a proportion of infected persons spontaneously achieve significant reduction in virus replication with loss of HBeAg and seroconversion to its antibody, anti-HBe. Some of such HBeAg-negative subjects have persistent or intermittently high HBV replication associated with liver inflammation and ongoing fibrosis. This form of CHB, defined as HBeAg-negative CHB (e-negative CHB) [4] , is mostly associated with mutations within the basal core promoter (BCP) and pre-core regions that result in reduction or prevention of HBeAg synthesis without affecting the replicative ability of the virus. The most well-known of these is a G to A mutation at nt 1896 in the pre-core region, which prevents HBeAg production [5] . Mutations within the BCP have also been reported in patients with e-negative CHB or fulminant hepatitis. The most commonly detected mutations within the BCP region are an A1762T transversion and a G1764A transition [6] . These BCP promoter double mutations, as well as pre-core mutation and HBV geno-types, are among the best known predictors of HCC risk. These promoter double mutations were also found to be an important predictor of post-LT clinical outcomes in patients with HBV-related HCC.
Recently, we identified another novel double promoter mutations known as T1764G1766 and suggested that this double mutant should be prevalent in genotype D of HBV isolates [7] . In this study performed on HBV-infected Iranians, we found that one third of subjects studied harbored HBV isolates containing these double mutations. We suggested that these mutations form a putative new binding site for the transcription factor hepatocyte nuclear factor 3 (HNF3) [7] . Furthermore, we showed that only patients harboring strains with A1757 had the T1764G1766 double mutations, and these mutations are likely to occur mainly in genotype D and possibly genotype E [7] . This mutational constraint depending on a single silent nucleotide polymorphism within the viral genome was among the first mutational constraints described in the HBV genome. These mutations were later found to be widespread in different regions of world where genotypes D, and E are more prevalent and are associated with increased risk of HCC [8] [9] [10] [11] ; the potential role of these mutations on post-LT HBV recurrence is yet to be explored.
There are only a few studies that have investigated the potential influences of precore or BCP mutants on outcome of liver transplantation. Angus et al [12] found that infection with precore mutant strains of HBV predisposes patients to severe recurrent disease and early graft loss following transplantation. In a recent follow-up study, performed on 78 consecutive patients who underwent LT because of HBV-related HCC, it was shown that BCP mutations independently predicted a shorter survival period free from HBV relapse [13] . Whole HBV genome sequencing of viral isolates from patients with recurrent HBV showed that infecting HBV strain(s) harbored T1753G/A1762T/G1764A triple mutations in the basal core promoter and the G1896A nonsense mutation in the pre-core region both pre-and post-transplant. After transplantation and therapy, several point mutations within the HBV genome emerged or became dominant. These mutations caused L426I/L526M/M550I triple mutations in the polymerase gene, and D144E mutation within the ''a'' determinant of HBsAg [14] . McMillan et al [15] showed that genotype D and accumulated mutations throughout the HBV precore/core gene, but not core promoter, were associated with severe recurrent disease post-transplantation. Mutations were found throughout the entire HBV core gene. However, at the amino acid level, clustering was observed in the B-and helper T-cell epitopes, as well as in nuclear localization signals.
Many related factors may be responsible for HBV recurrence, including recipient host factors (ethnic background, HLA type, pre-transplant HBV replication status, extra-hepatic foci of HBV), donor factors (compromised donor liver, HLA type and compatibilities, presence of donor HBV-specific lymphocyte), perioperative treatment (use of antiviral agents and immunosuppressants, drug resistance, viral mutations) [16] . Survival rates are known to be compromised after liver transplantation in patients who are HBeAg positive prior to liver transplant [17] . It is not surprising that viral replication is higher under druginduced immunosuppression after liver transplantation. In particular, corticosteroids lead to increase replication of HBV and are thought to play a role in HBV recurrence after liver transplant. It has been shown that viral replication is stimulated by steroids that bind to the glucocorticoid responsive enhancer region of the HBV genome [18] . As a consequence it has been proposed that corticosteroids should be rapidly removed from immunosuppressive regimens to minimize the risk of HBV recurrence. Different HBV genotypes could potentially influence recurrence rates of HBV, but thus far differences in the recurrence rates among different HBV genotypes characteristics of HBsAg. Most escape mutations that influence HBsAg recognition by anti-HBs antibodies are located within the second 'a' determinant loop. Notably, HBsAg with an arginine replacement for glycine at amino acid 145 is considered the major immune escape mutant [25] . Schätzl et al [26] suggested that the high rate of reinfection in liver transplant recipients seems not to be associated with specific sequence variations in the major HBs gene, but shows a remarkable inter-and intra-individual variability. No correlation between heterogeneity in this gene and clinical outcome was present. In another study, Shen et al [27] found that mutations within the HBV DNA that encodes for HBV P and S proteins were factors affecting re-infection post-transplantation. In yet another study on 75 patients who received HBIG prophylaxis for more than 6 mo after liver transplantation from anti-HBc positive donors, it was shown that escape mutations from anti-HBs caused de novo activation of HBV under HBIG prophylaxis after liver transplantation [28] . Apart from molecular viral factors that were discussed above, the presence of HBV specific lymphocytes -in human liver grafts from HBV immune donors -plays a major role in HBV recurrence after liver transplantation. In a study by Luo et al [29] , 48.6% of post-LT patients with chronic HBV infection showed a spontaneous anti-HBs production, which was significantly associated with a higher number of donor-derived T lymphocytes specific for HBsAg, and it was suggested that the presence of considerable numbers of donor-derived HB-specific immunocompetent cells in grafts may account for the adoptive transfer of HBV immunity through liver transplantation.
In summary, among numerous potential viral factors, HBV variants with antiviral drug-resistant mutations and HBIG-resistant mutations remain as major causes of HBV reinfections post-liver transplant while the role of other HBV mutants (e.g., BCP mutations or cytotoxic T lymphocyte escape mutations [30] ) are yet to be adequately investigated.
MANAGEMENT OF HBV INFECTION IN THE PERI-TRANSPLANT PERIOD
Past
Major advances have been made in regards to the management of CHB pre-and post-liver transplantation. During the 1950's, what is considered the early era of treating hepatitis B, corticosteroids were used for treatment. Their use was predicated on the knowledge even then that host immune responses (natural killer cells and cytotoxic T lymphocytes) were important in pathogenesis. In the 1960's, landmark prospective controlled, randomized trials spearheaded by Dame Sheila Sherlock and her students [31, 32] , established that corticosteroids were of benefit for treatment of idiopathic autoimmune hepatitis. Such treatment was undoubtedly also given to many patients with infectious hepatitis, especially what then was called non-A, non-B hepatitis and which we now know have not been observed [19, 20] . Among numerous potential factors, HBV variants with antiviral drug-resistant mutations and/or HBIGresistant mutations are main causes of HBV reinfections post-liver transplant [21] . While the use of NAs pretransplant and combination of NAs and HBIG posttransplant have been shown to decrease the rate of HBV reinfection post-transplant to less than 10%, almost all cases of HBV reinfection are due to HBV variants with antiviral drug-resistant mutations and/or HBIG-resistant mutations [21] . Mutations associated with antiviral resistance may be classified as either primary (responsible for decreased susceptibility to the drug) or compensatory (responsible for restoring replication fitness of the mutant virus) [21] . Amino acid substitutions within the HBs antigen may produce conformational changes and influence the binding of neutralizing antibodies. Consequently, these HBV mutants have been shown to be able to escape from vaccine-induced antibody responses. The most frequent form of these substitutions is the sG145R mutation of HBsAg. The emergence of resistance to NAs is a major issue affecting long-term therapy with some of these agents. NAs directly inhibit the reverse transcriptase activity of the HBV RNA polymerase and may lead to emergence of HBV strains containing primary substitutions in the viral genome and associated resistance to NAs. Lamivudine (LAM) resistance occurs frequently and is observed in up to 80% of patients treated for 5 years [22] . These mutations lead to amino acid changes in the YMDD (Tyrosine-methionine-aspartic acid-aspartic acid, a four amino acid motif of HBV protein that is often mutated) motif of the viral reverse transcriptase (rt). Primary resistance mutations result in the replacement of the methionine by valine, leucine, or occasionally serine and are designated rtM204I/V/S [23] . Adefovir dipivoxil (ADV) treatment, which is an alternative therapy for LAM-resistant HBV, can also result in the selection of ADV-resistant variants like rtA181T/V or rtN236T. TFV is closely related to ADV. The primary mutations associated with ADV resistance can also decrease the efficacy of TFV [23] . A recent 53-mo follow-up study was done on 362 patients with CHB who underwent LT. None of the patients received HBIG. Half of the patients were on LAM, while 39% received ETV, and 12% were on combination therapy (LAM + ADV) at the time of transplant [24] . The virological relapse rates at 3 years were 17%, 0%, and 7% for LAM, ETV, and LAM + ADV. Forty-two patients had virological relapse, of which the majority had a HBV isolate harboring the YMDD mutation. These findings show the importance of using new agents with a high barrier to resistance for minimizing drug resistance [24] . Administration of HBIG that exerts an anti-HBs-mediated immune pressure on HBV is also associated with the emergence of immune escape HBV mutants. These HBsAg escape mutants harbor single or double point mutations that may significantly alter the immunological was caused mainly by chronic hepatitis C. Such patients often showed improvements in the severity of hepatic inflammation, as measured biochemically and histologically, but at the expense of increased viral replication. Not surprisingly, the HBV infected patients treated with corticosteroids did not flare as well as those with autoimmune idiopathic hepatitis. A variety of other antiviral agents, (not specific for HBV) have been studied in HBV, including adenine arabinoside, acyclovir, zidovudine, foscarnet, ribavirin, and D-penicillamine. None of these agents proved to be useful or successful for HBV.
With development and growth of liver transplantation in the 1980's-1990's, chiefly fueled by improvement in surgical techniques and in immunosuppressant medications (cyclosporine, tacrolimus), it was expected that increasing numbers of patients with CHB, complicated by development of end-stage liver disease or hepatocellular carcinoma, would need to be considered for LT. It rapidly became clear that graft re-infection with HBV post LT was usual and led to rapidly progressive and fatal recurrent hepatitis B. These occurrences quickly fostered policies and practices that rendered active HBV infection a contraindication to LT in many centers [33] . Indeed, in the 1980's through early 1990's, United States Medicare and Medicaid, and many private insurers refused to cover LT for patients with active HBV infection.
Introduction of long-term intravenous (iv) high dose HBIG dramatically reduced the rate of post-transplant HBV recurrent infection and improved post-transplant survival [2] . This was a retrospective analysis from many European liver transplant centers. Because of these dramatic improvements in outcomes with HBIG use, transplant policies were again revised and it became acceptable to perform LT for HBV related liver disease [2, 34] . HBV did recur as evidenced by the appearance of HBsAg escape mutants during long term prophylaxis with HBIG. Short term HBIG administration (< 6 mo) post-transplant dosing was also quite disappointing, with a very high HBV recurrence rate, similar to no immunoprophylaxis at all.
Interferon (IFN)-α was introduced in the late 1990's as an antiviral agent for both HBV and HCV, but its use was quite limited, especially in those with decompensated liver disease [35] . Traditionally, it has had a limited role in the post-LT setting, most notably due to its numerous adverse effects/toxicities and the increased risk of graft rejection due to the immunostimulatory effects of IFN [36] . Lamivudine (LAM), an oral cytosine analogue, was introduced as the first nucleoside analogue for CHB. Compared to IFN, LAM was generally well tolerated and effective, making it a major advancement for the field of hepatology. LAM therapy improved liver function in many patients with CHB, making listing for LT in some cases no longer necessary. Initial reports of administration of LAM at 100 mg daily resulted in promising short term results [37] , but subsequently virologic breakthroughs due to the emergence of resistant viral strains, as described above, occurred in 40%-50% of patients [38] . The emergence of HBV resistance to LAM is due chiefly to mutations within the YMDD motif of the HBV polymerase gene (see above). There are conflicting reports as to significance of these resistant mutants in the posttransplant setting.
In the post-transplant setting, LAM proved to be superior to HBIG at preventing recurrence of hepatitis B, because of its efficacy, ease of administration, and lower cost. Serum HBV-DNA levels usually became undetectable as assessed by hybridization assays after a mean of 12-25 mo of LAM treatment [39] . Adefovir dipivoxil (ADV) was approved for therapy of HBV infection several years after LAM. It is as active on wild-type virus as on LAM-resistant mutants, and therefore was approved as a first-line therapy, but also as a salvage therapy for patients with resistance to LAM [40, 41] . Approximately 25% of patients had a decrease less than 2.2 log10 copies/mL after one year of ADV administration [42, 43] . While there was initial enthusiasm following the introduction of ADV, this was tempered by its relatively weak potency. It has been shown to suppress levels of HBV more slowly than the NAs; LAM, telbivudine and the currently used TFV and ETV. Because of its relatively weaker potency, the recommendation was for use of ADV in the treatment of HBeAg-negative CHB infection. Patients who are HBeAg negative typically have lower rates of replication and levels of virus in serum, as compared to HBeAg-positive patients. Thus the potential for development of resistant mutants was diminished. Of note, ADV-resistant strains of HBV are usually susceptible to LAM, just as LAM-resistant strains are usually susceptible to ADV. A major concern with the long term use of ADV was the development of nephrotoxicity [44] . Patients with chronic liver disease are already at increased risk for developing renal insufficiency, as are patients who have undergone solid organ transplantations (heart, kidney, liver, lung) due to the use of nephrotoxic calcineurin inhibitors to prevent organ rejection. Thus, the manufacturer of ADV and the United States Food and Drug Administration issued a black box warning regarding risks of use of the drug in patients with advanced liver disease.
Present
Since the introduction of oral NAs as potent antiviral agents against HBV, a significant outcome benefit has been provided by using combination of HBIG plus NAs in post-LT patients, lowering HBV recurrence rates to 5%-10% and improving the 5-year graft survival to more than 80%. Using HBIG plus antivirals has been the standard of care for patients undergoing LT for acute fulminant or CHB disease over the past decade. The type of HBV prophylaxis regimens in post-LT patients has been evolving since ETV and TFV with more potent antiviral effect and higher resistant barrier became available.
Entecavir: 0.5 mg/d, an oral nucleoside analogue, was introduced in the mid-2000s as a potent anti-HBV agent. In comparison with LAM, ETV was associated with a higher rate of viral suppression (36% vs 67%) at 4 years of therapy in nucleoside-naïve patients with CHB and a very low rate of viral resistance (around 1%) up to 5 years of treatment [45, 46] . ETV is not recommended in patients with LAM-resistance given that emergence of resistance to ETV can be as high as 50% in this group of patients [46] . ETV is both more potent than ADV with a higher rate of HBV DNA suppression resulting in an undetectable HBV DNA at 48 wk of treatment in 58% vs 19% patients on ETV and ADV, respectively [47] . Given the lack of nephrotoxicity, ETV is the preferred treatment option in both decompensated cirrhosis and after LT.
Tenofovir disoproxil fumarate: 300 mg/d, is a NA initially introduced for the treatment of human immunodeficiency virus (HIV) infection and subsequently approved for use in patients with CHB in 2008. It is available as tenofovir disoproxil fumarate (TFV) only or in combination with emtricitabine. The use of TFV in post-LT setting comes as a second choice following ETV due to the concern of nephrotoxicity associated with TFV. This is particularly important because of the considerable incidence of renal impairment in liver transplant patients due to calcineurin inhibitor use, peri-transplant acute kidney injury, as well as coexistence of diabetic and hypertensive nephropathy in these patients. The long term use of TFV in HIV patients has been associated with metabolic bone disease and osteomalacia [48] . This observation is relevant to post-LT patients who are already at higher risk of metabolic bone disease.
EFFECT OF HBIG PLUS LAM OR NEWER
NAs COMBINED PROPHYLAXIS ON HBV RECURRENCE POST-LT
Despite dramatic reduction in post-LT HBV recurrence rate made by either HBIG or LAM monotherapy, due to emergence of drug resistance both options are clearly inferior to the combined prophylaxis. Combination of iv HBIG and LAM was first reported in 1998 to provide higher efficacy in HBV prophylaxis in a small group of post-LT patients [49] . Several reports subsequently showed that combination of HBIG and LAM brought the post-LT HBV recurrence rate to lower than 10% [50, 51] . Later on, substitution of LAM with options that carried less risk of resistance including ADV or ADV plus LAM was studied in post-LT setting. A systematic review comparing patients who received combinations of HBIG and ADV with or without LAM with patients on HBIG and LAM, showed a lower rate of HBV recurrence post-LT in the group that received ADV (25% vs 6% respectively), although more patients in the HBIG + LAM group had high-risk factors for HBV recurrence, including detectable HBV DNA in serum at transplant [52] . Although, most centers have moved from using LAM or LAM plus ADV as the oral agents to the newer NAs, published outcome data still are limited.
A recent systematic review of data published in 2008-2012 by Cholongitas et al [53] compared patients who received combined prophylaxis regimens of HBIG [iv or intramuscular (im) with various durations and doses] plus older or newer NAs. Patients who received ADV or LAM + ADV were not included in the comparisons. All the patients who received ETV or TFV with or without another NA were included under the newer NAs group. This study concluded that patients on HBIG + LAM had a higher HBV recurrence rate (115/1889 or 6.1%) than patients who received HBIG plus newer NAs (3/303 or 1%). About 90% of all patients received indefinite HBIG.
Various strategies for routes and doses of HBIG administration exist. HBIG administration based on serum HBsAb titer with maintaining the titer above 50-100 IU/mL is less expensive than a fixed-dose HBIG protocol, however, it is time-consuming. A typical high dose iv HBIG protocol consists of a 10000 IU at anhepatic phase followed by daily (5000-10000 IU) for 1 wk, and then 5000 IU monthly for 6-12 mo and every 3 mo thereafter (Table 1) . im HBIG has similar pharmacokinetics to iv HBIG and was shown to be more cost effective compared to high dose iv HBIG when it was combined with LAM [54] . Combination of LAM and low dose im HBIG (400-800 IU) daily for the first week post-LT and monthly thereafter was associated with 4% HBV recurrence at 5 year [50] . In another study using LAM plus im HBIG daily for 1 wk followed by weekly for 3 wk, then monthly thereafter, an 8% recurrence HBV was noted at 2 year in patients with low viremia (≤ 10 5 copies/mL) at transplant [55] . The combination of LAM plus low dose HBIG aiming to maintain HBsAb titer ≥ 100 IU/mL, revealed
Table 1 Three protocols for prevention of recurrent hepatitis B virus infection after liver transplantation
HBIG-indefinite (HBIG continued for life)
HBIG 10000 IU iv during anhepatic phase; then 5000 IU iv daily for 5 d; followed by 800 IU im monthly indefinitely Plus ETV or TFV indefinitely HBIG-light (HBIG for first 6 mo only) HBIG 10000 IU iv during anhepatic phase; then 5000 IU iv daily for 5 d; followed by 800 IU im monthly for 6 mo Plus ETV and/or TFV indefinitely HBIG-free (No HBIG) ETV and/or TFV indefinitely ETV: Entecavir; HBIG: Hepatitis B immune globulin; im: Intramuscular; iv: Intravenous; TFV: Tenofovir. The appropriate annual costs of these are set out in Table 2 .
HBV recurrence of 8% at 5 year which was within the similar range of HBV recurrence rate in other fixed-dose HBIG + LAM combined protocols.
EFFECT OF DISCONTINUATION OF HBIG FOLLOWING A COURSE OF COMBINED PROPHYLAXIS
Combination of HBIG and NAs is an effective regimen in preventing HBV recurrence, however, the cost and inconvenience of HBIG administration have led to evolution of HBIG protocols toward more limited durations. The most recent systematic review of four published studies on patients who remained on newer NAs after withdrawal of HBIG did not show statistically significant HBV recurrence rates in patients receiving newer NAs prophylaxis after withdrawal of HBIG compared to the group that remained on long term HBIG and LAM [3.9% (4/102) vs 6.1% (115/1889), respectively] [53] . HBIG therapy was continued for a median 6 mo prior to withdrawal. In this study, the majority of patients (93/102) remained on TFV alone or TFV + emtricitabine/LAM after discontinuation of HBIG for a median follow up of 24 mo (range 11-31 mo). If HBV recurrence was defined based on a detectable HBV DNA instead of HBsAg positivity alone, only 0.9% (1/102) of patients in this group had HBV recurrence. One out of 10 patients who were on ETV alone during HBIG-free period had HBV recurrence. The study did not show statistically significant difference in HBV recurrence rate between those who remained on ETV or TFV monotherapy compared to those who received long term dual antiviral therapy [5.2% (1/19) vs 3.6% (3/83)]. Wesdorp et al [56] recently published the safety and efficacy of combination of NAs after withdrawal of HBIG in 16 patients who underwent LT for chronic HBV disease. All patients had undetectable HBV DNA at transplant and received HBIG for a minimum of 6 mo post-LT followed by TFV + emtricitabine dual therapy without HBIG for a mean duration of 2 years. No HBV recurrence was noted as defined by HBV DNA positivity in serum. Only 1 patient developed a positive HBsAg, however, with undetectable HBV DNA and no clinical evidence of hepatitis. The results of this study favor HBIG withdrawal and use of combined NA regimen, however, confidence in the conclusions is limited by the small size of study. Given the fact that nearly all patients (15/16) had a stable undetectable HBV DNA prior to cessation of HBIG-including regimen and start of the combination of TFV and emtricitabine, it is unclear that combination of NAs offers any benefit over NA monotherapy in patients with potentially a more favorable long term outcome. Teperman et al [57] studied the HBV recurrence rate in 40 patients who received combined dual NAs prophylaxis at a median follow up of 3.4 years post-LT. In this study, all patients received 24 wk of HBIG and subsequently were randomized to TFV plus emtricitabine combination with (18 patients) or without (19 patients) HBIG therapy. All the patients with post-LT recurrent HBV as well as those with likely higher risk for HBV recurrence such as those with history of HCC were excluded from the study. None of the patients in either arm of the study had HBV recurrence through 72 wk of follow up. Eighty-two percent of the patients had renal dysfunction (creatinine clearance less than 80 mL/min) at the pre-randomization stage, but serum creatinine remained stable throughout the study follow up.
In summary, small prospective and retrospective studies with rather short term follow up in those patients with lower risk for recurrence, reveal efficacy and safety of combination newer NAs regimen after a finite HBIG treatment. Limited data are available to compare the efficacy of NA combined therapy over monotherapy in such patients, therefore, larger and more definitive studies are necessary.
EFFECT OF HBIG-FREE PROPHYLAXIS WITH NEWER NAs ON HBV RECURRENCE
POST-LT
Although studies have shown efficacy of HBIG withdrawal in post-LT setting, one of the key questions is whether HBIG can be omitted even during the early post-LT period. The results of a large cohort of 362 patients from Hong Kong showed a promising and effective outcome from an HBIG-free protocol using ETV alone with a 0% recurrence rate at 3 years post-transplant [24] . Extending results of their earlier study on 80 patients who underwent deceased or living donor liver transplant for chronic HBV disease followed for a median time of 26 mo post-LT on HBIG-free prophylaxis [24] . The study patients were heterogeneous with regards to the HBV recurrence risk as only 26% had an undetectable HBV DNA at transplant, 25% of patients had HCC, and 14/19 patients had LAM-resistant mutation. Interestingly, undetectable HBV DNA and HBsAg seroclearance at 2 years of follow up were achieved by ETV monotherapy in 98.8% and 91% of patients, respectively. In a series of 6 patients who had undetectable HBV DNA at transplant, a regimen of ETV monotherapy in addition to a single high dose of iv HBIG at anhepatic phase was shown to be effective [58] . Another smaller study also showed effective HBV prophylaxis via HBIG-free regimen using the combination of LAM plus ADV in patients with low risk of recurrence at transplant [59] . These studies suggest that HBIG-free regimens with newer NAs are effective in HBV prophylaxis post-LT and that monotherapy with NAs are not inferior to combined NAs regimens.
CONSIDERATION OF COSTS/COST EFFECTIVENESS/ALTERNATIVE STRATEGIES; ISSUES OF PUBLIC AND PRIVATE POLICY
The costs of HBV prophylaxis post-LT vary widely.
Treatment has previously been estimated to be > $100000 in upper income countries for the first year post transplant and > $50000 for subsequent years [60] [61] [62] ; however, these studies have cited older work by Lok in 2002 and Han in 2000 as a source for these estimates. Our estimates for the most expensive medication, HBIG, obtained through contemporary sources [63, 64] , indicate lower costs than noted in the literature (Table 2) . Nonetheless, HBIGcontaining regimens incur medication costs of upwards of $50000 in the first year in the United States. In low and middle income countries with far higher rates of HBV and lower access to treatment, higher costs may occur due to import fees and other charges. The high costs of HBIG present a barrier to HBV treatment, including LT, especially in low and middle income countries.
In the United States, insurers may not cover the prohibitive costs of HBIG, all or in part, leading patients to have decreased access to treatment and increased risk of HBV recurrence. As already described, the three oral drugs that can potentially replace HBIG, i.e., NAs such as ETV, ADV, and TFV, offer another option for prophylaxis. Although those are more costly than LAM, each dramatically lowers the cost of care as compared to HBIG. For example, the estimated monthly price for NA in Canada was estimated to be between $600 and $900 [65] , or a mean yearly cost of $7200-$10800 per year.
Here we review the cost of three commonly used prophylaxis regimens in transplant centers in the United States ( Table 1, Table 2 ): (1) HBIG-given indefinitely; and (2) HBIG-light, and c) HBIG-free (See the details of each protocol above). Using the cost estimates for United States in 2008 United States dollars made by Saab et al [60] , Tanaka et al [65] , and Di Paolo et al [66] augmented by published data from United States health facilities and the Centers for Disease Control, the cost for one unit HBIG iv is between $0.4 and $1.15 United States. In the same fashion, based on Tanaka et al [65] , Tsai et al [67] , Saab et al [60] , and Ahn et al [68] , the cost for one month of the ETV or TFV is between $600 and $1000. For the sake of simplicity, we disregarded the difference in cost of HBIG iv and that of HBIG im, assumed no cost difference between ETV and TFV prescriptions and used the mean cost estimates of each medication. Accordingly, the cost for the HBIG -indefinite protocol in the first year is approximately $41302 (range $31059 -$51545), for HBIGlight it is $37964 (range $28549-$47379) and for HBIG free-consisting of monotherapy, it is about $10000. In subsequent years, the total annual costs drop to about $17000 for HBIG -indefinite, and $10000 for HBIG-light and NA only treatment. We also estimated an interval for HBIG-free protocol to allow for the option of mono ($10000) or combination therapy (2 × $10000). From the perspective of cost it is evident that HBIG-free is associated with the lowest cost burden of the three options, however, the HBIG-light regimen also dramatically reduces the costs over the long term. Replacing HBIG, fully or partially, by any of the alternative protocols presented in this paper, would result in a drop of between 11%-75% in medication costs for patients in the first year after transplant [61, 65, 69] . The wide range of estimates is due to variable methods of cost calculation for HBIG available from the published sources. It's important to note that we did not include any costs of administration of HBIG in our cost estimates. These costs can show marked variability, more so than the cost of the medications. In the United States, for example, the costs of drug infusion services are usually higher than those in most of the other high-income and middle-income countries where LT is performed.
It is evident from our approximate cost calculations that the dose and interval of HBIG administration are the most important determinants of cost projections, as also noted by Dan et al [61] . While the decision of the optimal protocol ideally is a clinical one, based on evidence of treatment efficacy, the high cost of HBIG affects the therapeutic decisions in particular in resource -poor settings. The route of drug administration (HBIG iv or HBIG im for example) can be a determinant of access to these medications as HBIG iv needs more services at higher costs compared to HBIG im administration. Also, small differences in the price of oral medications can significantly affect the long-term costs of care for the patients. We believe clinicians make implicit cost-effective decisions when the cost differences among available treatment options are large. This can be especially true in settings where third party payers refuse to cover certain expensive treatment strategies in the presence of less expensive options [70] .
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FUTURE: INDIVIDUALIZED PROPHYLACTIC THERAPY
The current state of HBV post-transplant prophylaxis is going through another phase of changes while transplant centers around the world are trying to either minimize the duration of HBIG therapy or take the HBIG-free approach (Table 3) . In most centers, an HBV recurrence rate less than 5% at 3 years is expected post-LT in patients with CHB. A similar or better outcome is expected with any newer HBIG-light or HBIG-free protocols. We suggest a comprehensive approach, integrating risks related to patient, viral, and antiviral factors, cost and convenience of different protocols in the current era of post-LT HBV prophylaxis.
Risk assessment
HBV replication status at transplant: Presence of a replicating virus pre-transplant is highly predictive of HBV recurrence. A serum HBV DNA ≥ 5 or 6 log10 copies/mL at transplant has been shown consistently to be associated with post-transplant HBV recurrence [24, 50, 71, 72] . Growing data support the safety and efficacy of newer NA in patients with decompensated liver disease due to HBV, thus more patients are expected to benefit from achieving an undetectable HBV DNA in serum at transplant, which leads to a lower risk of HBV recurrence post-LT [73, 74] . A randomized prospective study on 112 patients with decompensated HBV cirrhosis showed that the majority of patients who received TFV, emtricitabine/TFV, or ETV were able to achieve a low level of HBV DNA < 400 copies/mL (69 IU/mL) at week 48 (70%, 87%, and 72%, respectively) [74] . Fulminant hepatitis B on the other hand is associated with a lower risk of HBV recurrence [75] . LAM resistance: Presence of LAM-resistant HBV pretransplant or emergence of drug resistance while on post-LT prophylaxis has been consistently predictive of HBV recurrence. Recognizing drug-resistance especially pre-transplant would determine the high-risk patients who potentially benefit from a conservative approach, including a combination of HBIG plus NAs. Combination of LAM plus either ADV or emtricitabine have shown efficacy with a low recurrence rate of HBV post-LT. Newer antiviral drugs used either alone or in combination are clearly superior to LAM and ADV in nontransplant patients, and as discussed earlier, single or combined regimens of newer NAs are also effective for HBV prophylaxis in post-LT setting when used with or without HBIG. No resistant HBV was detected at 3 year post-transplant in the study by Fung et al [24] in patients on ETV monotherapy. In this study, ETV monotherapy was superior to combination of LAM plus ADV with regards to recurrence rate.
Definition of HBV recurrence:
Most studies have defined HBV recurrence as reappearance of HBsAg and/ or HBV DNA post-transplant. It needs to be emphasized that, although reappearance of HBsAg has been considered the marker of viral recurrence, detection of HBV DNA is an important factor to determine posttransplant virologic relapse and prophylaxis failure as no definite hepatitis or graft dysfunction are always reported in the presence of HBsAg alone with an undetectable HBV DNA especially in patients on newer and potent antivirals.
Salvage therapy: With availability of newer drugs for salvage therapy as well as tools for testing resistance mutations to guide the treatment choice, the concern for HBV recurrence under HBIG-free or HBIG-light protocols due to emergence of drug-resistant HBV variants or inadequate viral suppression is much less, although not zero given case reports of graft failure subsequent to HBV recurrence despite initiation of salvage therapy [24, 71] .
14150
October 21, 2014|Volume 20|Issue 39| WJG|www.wjgnet.com Addition of TFV to LAM is preferred over ADV in cases with drug-resistant HBV recurrence. A combination of ETV plus TFV may represent a potential option for salvage therapy.
Association of HCC at transplant with HBV recurrence post-LT: Patients with HCC seem to have a higher risk for HBV recurrence than those patients without HCC. The reasons for this finding are currently unknown [76] . The study of Fung et al [24] showed a more than 7 fold higher risk of HBV recurrence in patients who had HCC at transplant. A recent retrospective study on 354 patients who underwent liver transplant for HBV and HCC found that patients who had HBV recurrence were 3.6 times more likely to develop HCC recurrence [77] . It is unclear if more aggressive HBV prophylaxis regimens have any benefit on long-term outcome of graft survival or HCC recurrence. In a rare case of recurrent extrahepatic HCC, persistent presence of HBsAg despite an aggressive HBV prophylaxis regimen led to further investigation for recurrent HCC and was used as a tumor marker [78] .
Adverse profile of newer NAs with regards to posttransplant renal function: ETV is not associated with nephrotoxicity, hence, is the drug of choice of treatment in post-LT patients who are at risk of calcineurin inhibitor-induced renal dysfunction. ETV monotherapy in post-LT patients has been shown to be safe and without renal adverse effect [24, 79] . According to the studies of long term use of antiviral drugs in HIV patients, TFV is known to cause nephrotoxicity due to tubular dysfunction [80] . In a majority of studies on post-LT patients, the combination of TFV and ETV/emtricitabine was tolerable and did not lead to discontinuation of treatment due to adverse renal effects [57, 81] . In a study on 21 patients who remained on TFV plus emtricitabine for a median follow up of 31 mo, 3 patients developed reversible acute kidney injury of which 1 had possible TFV/emtricitabineinduced tubular necrosis on biopsy [82] .
Hepatitis D or delta virus and HBV co-infection:
The risk of HBV recurrence post-LT is lower in patients with HBV/hepatitis D or delta virus (HDV) co-infection rather than in those with HBV disease alone. These coinfected patients are at high risk (up to 80%) of HDV reinfection in their grafts; however, no clinical or histological hepatitis is seen in the absence of HBV recurrence and the 5-year graft survival is up to 88% [75, 83] . The treatment options are limited if HBV recurs in these patients.
HBcAb-positive donors:
Although the use of HBcAb positive grafts expands the donors available for LT, this can carry the risk of de novo hepatitis B in the graft. The prevalence of isolated positive HBcAb varies between 4.9%-25% among different populations in the United States [84] . The true risk of de novo hepatitis is unclear with likely highest rate in HBV naïve recipients (i.e., HBcAb negative, HbsAb negative), ranging from 33%-100% among those who do not receive antiviral prophylaxis [85] . A consensus about the optimal prophylaxis protocol to prevent de novo hepatitis B in recipients of HBcAbpositive grafts has not yet been emerged; however, the common current practice is to commence HBV prophylaxis in all recipients of HBcAb positive grafts. The data on the effectiveness of LAM monotherapy as the primary prophylactic regimen widely used to prevent de novo HBV is limited to small studies with short follow up. A recent retrospective study of 62 patients on LAM monotherapy for a median follow up of 5.3 years, of which 44% were HBV naïve, showed 8% rate of de novo HBV post-LT [85] . Another systematic review of 73 patients receiving LAM only and 110 patients receiving LAM + HBIG with a short follow up (median time of 25.4 mo and 31.1 mo, respectively) revealed that the rate of de novo HBV was 2.7% in LAM-only group vs 3.6% in LAM + HBIG group, regardless of the recipients HBV serology at transplant [81] . Given the known high risk of LAMresistance, newer NAs are likely more effective than LAM monotherapy but have yet to be studied.
Patient compliance: HBIG-free prophylaxis may not be a suitable strategy in patients with poor compliance due to the risk of emergence of resistant or inadequate viral suppression.
In summary, pending results of well-designed, adequately powered prospective randomized controlled trials, we recommend an individualized approach to HBV prophylactic therapy utilizing risk-assessment profiles of patients (Table 3 ). In the current era most patients with HBV suppression pre-LT, are able to benefit from an HBIG-free regimen and only subgroups of high-risk category patients may need a combination of HBIG plus NA. Current data favor a finite period of regimens that include HBIG in patients with viremia at transplant. Most of the studies chose to withdraw HBIG after at least 6 mo post-LT in their protocols. The question that remains unanswered is whether HBIG can be discontinued at an earlier time point such as 3 mo post-LT when most transplant centers discontinue corticosteroid treatment as part of the early post-LT immunosuppression protocols. Patients with poor adherence to medications likely need to remain on either indefinite low dose HBIG or long term combined NA regimens. Patients with HDV or HIV coinfection have limited salvage therapy if they develop HBV recurrence, and thus may need more intensive prophylaxis. More comparative studies are needed to address whether patients with LAM-resistance should remain on monotherapy or combinations of newer NAs.
Unanswered questions/Need for more research
The excellent track record and now 20 years of clinical experience with HBIG during and after LT have rendered it the cornerstone of anti-viral therapy. In the United States and some other countries, survival for the first year after LT, both for the graft and for the patient, is of para-mount importance to assure that centers performing LT will continue to be approved by Medicare, Medicaid, and private insurers. Unfortunately, this discourages the testing and adoption of new modes of therapy, such as the early use of TFV or ETV and early tapering of HBIG doses.
The government and private insurance authorities should revisit and liberalize their policies in this regard, to encourage the design and performance of adequatelypowered multi-center trials of simpler and less expensive therapeutic regimens. We suggest that such trials should be sponsored by the insurers and by the pharmaceutical companies that might stand to gain if their drugs, rather than HBIG, were shown to be of equal or similar efficacy with appreciable savings in costs.
Although TFV and ETV currently are quite expensive, they are fairly simple small molecules, the prices of which will probably fall considerably when their current patents expire in a few years. Thus, in the future, it appears to us inevitable that we will markedly diminish our use of HBIG and increase our use of small molecule RNA polymerase inhibitors. With careful follow-up (perhaps, dependent more upon the behaviors of the patients being treated than the treating physicians), we believe that HBIG can safely have a much diminished role in prevention of recurrent HBV infection after LT.
